Experimental data have shown that antiepileptic drugs cause neurodegeneration in developing rats. Valproate (VPA) is the drug of choice in primary generalized epilepsies, and carbamazepine (CBZ) is one of the most prescribed drugs in partial seizures. These drugs block sodium channels, thereby reducing sustained repetitive neuronal firing. The intracellular mechanisms whereby AEDs induce neuronal cell death are unclear. We examined whether AEDs induce apoptotic cell death in cultured cortical cells and whether calcium ions are involved in the AED-induced cell death. VPA and CBZ increased apoptotic cell death and induced morphological changes that were characterized by cell shrinkage and nuclear condensation or fragmentation. Incubation of cortical cultures with VPA or CBZ decreased phospho-Akt levels. CBZ decreased the intracellular calcium levels. On the other hand, FPL64176, an L-type calcium channel activator, increased the intracellular calcium levels and prevented the AED-induced apoptosis. Glycogen synthase kinase-3 inhibitors, such as alsterpaullone and azakenpaullone, prevented the AED-induced apoptosis. These results suggest that intracellular calcium level changes are associated with AEDs and apoptosis and that the activation of glycogen synthase kinase-3 is involved in the death of rat cortical neurons.
Introduction
Antiepileptic drugs (AEDs) are administered to patients to prevent epileptic seizures. Valproate (VPA) is the drug of choice in primary generalized epilep-sies, and carbamazepine (CBZ) is one of the most prescribed drugs in partial seizures. These drugs block sodium channels, thereby reducing sustained repetitive neuronal firing.
AEDs are among the most common teratogens prescribed to women of childbearing potential, and they cause unfavorable effects on cognitive functions when administered to treat seizures in infants and toddlers. For example, fetal valproate exposure causes dose-dependent reduction of cognitive abilities, and these appear to persist at least until the age of 6 [1] . Bittigau et al. [2] reported that exposure to therapeutic levels of AEDs induced neuronal apoptosis in rat brains during the first 2 post-natal weeks. The comparable period in humans begins from the sixth month of pregnancy to several years after birth [3] . Immature human neurons may be vulnerable to neurotoxicity by exposure to AEDs [4] . However, little is known about the intracellular mechanisms whereby AEDs induce neuronal cell death.
Electrical activity plays an important role in neuronal survival. It has been well documented that depolarizing conditions sustain neuronal survival by causing the influx of Ca 2+ through L-type Ca 2+ channels. When activated by elevated Ca 2+ , the Ca 2+ /calmodulin dependent protein kinase II (CaM-Kinase II) has been reported to mediate the depolarization-dependent survival of neurons [5] [6] [7] . Glycogen synthase kinase-3 (GSK-3) affects many fundamental cellular functions, including the cell cycle, gene transcription, cytoskeletal integrity, and apoptosis [8] [9] [10] [11] . The phosphatidylinositol-3 kinase/Akt (also known as protein kinase B) signaling pathway is one of the signaling systems implicated in the survival of neurons that leads to the inhibition of GSK-3 by increasing serine 9 phosphorylation [8] [12] . Therefore, we examined whether AEDs induce apoptotic cell death in cultured cortical cells and whether calcium ions are involved in the AED-induced cell death. We report here that AEDs induce apoptosis and that an L-type calcium channel activator and GSK-3 inhibitors block apoptosis in cultured rat cortical neurons. 
Materials and Methods

Materials
Cell Culture
Cerebral cortical cells were obtained and cultured, as described by Dichter [13] and Choi et al. [14] , from fetal rats (Wistar) after 18 -19 days of gestation. The 
Cell Treatment and Cell Viability
The 
Western Blotting
Primary cultured cells were scraped off the dish and collected by centrifugation (400 × g for 5 min), followed by homogenization in ice-cold buffer (50 mM Tris-HCl buffer containing 50 mM NaCl, 10 mM EGTA, 5 mM EDTA, 2 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 1 mM benzamide, and 
Measurement of Intracellular Calcium Levels
Changes in the intracellular calcium levels in cortical cells were monitored by 
Statistical Analysis
Statistical significance was assessed by one-way ANOVA and post hoc Scheffe's comparisons.
Results
VPA and CBZ Induced Apoptotic Cell Death in Cultured Cortical Neurons
We examined the effect of AEDs (VPA and CBZ) on cultured rat cortical cells.
After the cortical neurons were treated with 100 μM VPA or CBZ for 48 h, the cells showed apoptotic morphology, which included shrunken cell bodies, fragmented processes, and condensed or fragmented nuclei (Figure 1 ). Up to 35% -40% of neurons showed apoptotic cell death after treatment with 50 -200 μM VPA or CBZ for 48 h in a dose-dependent manner (Figure 2 ). 
AED Decreased Akt Phosphorylation Levels
Akt is phosphorylated at two sites that are associated with activation of enzyme activity; Thr308 in the catalytic domain, and Ser473 in the cytoplasmic domain. Akt phosphorylation at Thr308 was determined by immunoblot analysis utilizing a phospho-Akt-(Thr308)-specific antibody. Incubation of cortical cultures with 100 μM VPA or CBZ for 24 h decreased phospho-Akt levels ( Figure 4 ). The inhibition caused by VPA or CBZ was 33% or 43%, respectively.
AED Decreased Intracellular Calcium Levels, and L-Type Calcium Channel Agonist Inhibited the Decrease in Calcium Levels
We examined the alterations in [Ca 2+ ] i induced by CBZ. The addition of 100 μM CBZ decreased the calcium levels ( Figure 5 ). The decrease in the [Ca 2+ ] i due to 
L-Type Calcium Channel Agonist Prevented Apoptosis Induced by AEDs
We next examined whether the activation of Ca 2+ influx by voltage-dependent calcium channels prevented the AED-induced apoptosis. We assayed the effects of FPL64176 on the apoptosis induced by VPA or CBZ. As shown in Figure 6 , FPL64176 prevented the apoptosis induced by the AEDs.
CaM-Kinase II Inhibitors Attenuated L-Type Calcium Channel Agonist-Induced Protection of Cells from AED-Induced Apoptosis
To elucidate the downstream signaling pathway through which the FPL64176-induced [Ca 2+ ] i signal mediated its protective effect on AED-induced apoptosis,
we investigated the effects of the CaM-kinase II inhibitor, KN93, and its inactive analog, KN92, on the FPL64176-induced protective effect on CBZ-induced apoptosis. The protective effect of FPL64176 on CBZ-induced apoptosis was reduced after treatment with KN93, but not KN92 (Figure 7(a) ). In addition, autocamtide-2-related inhibitory peptide (AIP), another CaM-kinase II inhibitor, also reduced the protective effect of FPL64176 on CBZ-induced apoptosis (Figure 7(b) ). 
Inhibitors of GSK-3 Prevented Apoptosis Induced by AEDs
The principal physiological substrate of Akt is GSK-3, and its activity is inhibited by Akt-mediated phosphorylation in response to trophic stimulation. To investigate the role of endogenous GSK-3 activity in inducing cell death in response to AED treatment, we assayed the effects of selective inhibitors, alsterpaullone and azakenpaullone, on VPA-or CBZ-induced apoptosis. The GSK-3 inhibitors showed a protective effect against VPA-or CBZ-induced apoptosis (Figure 8 ).
Discussion
AEDs are thought to act on voltage-dependent sodium channels, inhibitory neurotransmitters, or glutamatergic excitatory neurotransmitters. However, we cannot exclude the possibility that AEDs, such as CBZ, interfere with the sodium channel-mediated release of glutamate in nerve endings [21] and then inhibit the calcium influx through NMDA receptors (a subtype of ionotropic glutamate receptors) [22] . We showed that the GSK-3 inhibitors protected cortical neurons from the apoptosis induced by VPA and CBZ, suggesting that GSK-3 activity is critical for Figure 8 . Protective effect of GSK-3 inhibitors on AED-induced apoptosis. The cells were incubated with 100 μM VPA or CBZ for 48 h at 37˚C in the presence or absence of 2 μM azakenpaullone or 1 μM alsterpaullone. Each value represents the mean ± S.E.M. n = 3 per group. *P < 0.05 (vs. control cells). Aza, azakenpaullone; Als, alsterpaullone.
Akt is activated by
neuronal cell death. GSK-3 activity is suppressed when it becomes phosphorylated on serine 9 by the activation of Akt [7] [8] [12] . However, the activities of the downstream substrates of GSK-3 that ultimately induce neuronal death are not clear. Linseman et al. [26] have reported that GSK-3 phosphorylates Bax, a pro-apoptotic Bcl-2 family member that stimulates the intrinsic (mitochondrial) death pathway by eliciting cytochrome c release from mitochondria, and promotes its mitochondrial localization.
We showed that AEDs induced apoptosis and that an L-type calcium channel activator and GSK-3 inhibitors blocked the apoptosis in cultured rat cortical neurons, suggesting that the L-type calcium channel and GSK-3 are involved in cell death.
